Introduction {#Sec1}
============

When a cell is exposed to sufficiently high electric field, the cell membrane permeability is increased \[[@CR34], [@CR51], [@CR61]\]. The phenomenon termed as electropermeabilization has been studied for several decades and has already found numerous applications for intracellular drug and gene delivery in oncology (electrochemotherapy), gene therapy, and cell biology, for transdermal drug delivery, insertion of proteins into cells, fusion of cells, sterilization, and tissue ablation \[[@CR1], [@CR12], [@CR13], [@CR33], [@CR37], [@CR41], [@CR42], [@CR49], [@CR53]\].

Recently, technological advances led to the development of devices with an ability to generate electric pulses with substantially shorter durations and higher field strengths compared to those used for classical electroporation \[[@CR8], [@CR31], [@CR47]\]. For brevity, such pulses, with durations of up to hundred nanoseconds and electric field strengths of a few tens of kV/cm, will henceforth be referred to as "nanosecond electric pulses," or "nsEP". It has been suggested that application of such pulses to biological cells can cause permeabilization of internal membranes without causing permeabilization of the plasma membrane \[[@CR48]\].

Effects of nsEP on cells depend on the physical parameters of the pulses delivered (duration, voltage, number of pulses in a pulse train, and repetition rate) \[[@CR26], [@CR50], [@CR56]\]. When longer pulse trains or higher voltage nsEP are applied, cells undergo necrotic cell death, as a result of damaged plasma membrane \[[@CR19], [@CR22], [@CR38], [@CR39]\]. When shorter pulse trains and/or lower voltage nsEP are applied, however, cells undergo apoptotic cell death \[[@CR4]--[@CR6], [@CR22], [@CR50]\]. Apoptosis was also shown in vivo and ex vivo in tumors after applying nsEP, leading to partial or complete regression of tumors \[[@CR5], [@CR19], [@CR35]\] and is investigated as a promising new therapy for treating cancer. When cells survive, they exhibit calcium bursts \[[@CR11], [@CR15], [@CR54], [@CR59]\], permeabilization of intracellular granules \[[@CR47]\], and large endocytosed vacuoles \[[@CR52]\], externalization of phosphatidylserine \[[@CR56]--[@CR58], [@CR60]\], damage in cell nuclei and DNA \[[@CR14], [@CR15], [@CR50]\], and platelet activation \[[@CR62]\]. According to some of the reports, classical electroporation obtained using longer pulses (micro to milliseconds) with lower electric field (a few hundred V/cm) is also more efficient in obtaining gene transfection when combined with nsEP \[[@CR4], [@CR7]\].

Although the nsEP have strong effects on cell interior, theoretical models and simulations \[[@CR21], [@CR32], [@CR55]\] point out that generally, the plasma membrane is also affected. Experimental reports show that plasma membrane is depolarized \[[@CR18]\] as well as permeabilized \[[@CR26], [@CR38], [@CR40]\] by nsEP. It was suggested that pores in the plasma membrane caused by nanosecond pulses are smaller ("nanopores") than those caused by conventional electroporation \[[@CR18], [@CR20], [@CR25], [@CR56], [@CR57]\].

The permeabilization of organelle membranes by applying nsEP has not yet been fully explored. In our study, we simultaneously used two fluorescent dyes, lucifer yellow (LY) and propidium iodide (PI), to monitor permeabilization of endocytotic vesicles and the plasma membrane, respectively, caused by the exposure of cells to trains of nsEP. We show that permeabilization of endocytotic vesicles can be achieved, but in our experiments, it was always accompanied by permeabilization of the plasma membrane.

Materials and methods {#Sec2}
=====================

Cells and labeling {#Sec3}
------------------

B16 F1 mouse melanoma cells (ATCC, Manassas, VA, USA) were plated in Eagle's minimum essential medium (EMEM) with L-glutamine supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MA, USA) and antibiotics crystacylin and gentamycin, in 6-well plates, one or two days before experiments, with the concentration of 10^4^ or 5 × 10^3^ cells/cm^2^, respectively. The cells were first loaded with 1 mM lucifer yellow (Sigma-Aldrich, St. Louis, MA, USA) \[[@CR3], [@CR44]\] in porating phosphate buffer, consisting of 250 nM sucrose, 10 mM phosphate (K~2~HPO~4~/KH~2~PO~4~), and 1 mM MgCl~2~, pH 7.4 \[[@CR10], [@CR53]\], incubated for 2 h at 37°C in CO~2~ incubator. Cells were washed three times with EMEM culture medium, trypsinized, centrifuged in EMEM (1000 rpm, 5 min, 4°C), and suspended in poration phosphate buffer in concentration 10^6^ cells/ml. Propidium iodide (Sigma-Aldrich, St. Louis, MA, USA) weighing 100 μg/ml was added just before pulsing to 20 μl of cell suspension \[[@CR43]\] which was placed onto the electrodes that were positioned under a fluorescence microscope (Zeiss, Göttingen, Germany) and observed using 40× objective. Cells were allowed about 5 min to settle down to the electrodes. Phase contrast and fluorescent images were taken just before pulsing, immediately after pulsing, and 1, 2, 5, and 10 min after pulsing. For observing LY, λ~ex~ was 425 nm, and λ~em~ was 510 nm; and for PI, λ~ex~ was 540 nm, and λ~em~ was 640 nm.

Exposure of cells to nsEP {#Sec4}
-------------------------

The pulses were delivered by a modified Blumlein generator configured for generating pulses with durations in the nanosecond range and high-repetition frequencies, with adjustable duration and polarity, using synchronized switch control as described elsewhere \[[@CR46]\]. The electrodes made of gold (see the fabrication below) were deposited onto a microscope cover glass and placed under a fluorescence microscope. The gap between the two electrodes was 100 μm. Cells were pulsed with 1--5, 10, and 20 electric pulses of 60 ns duration and 50 kV/cm field strength, 1 kHz repetition frequency, 30 ns rise time, and 30 ns fall time (see Fig. [1](#Fig1){ref-type="fig"}). Control cells were handled the same way as pulsed cells, only without pulsing.Fig. 1A typical nanosecond pulse used in our study (maximal voltage 500 V, full width at half maximum 60 ns, rise time 30 ns, and fall time 30 ns). Nanosecond pulse was measured on the electrode level by oscilloscope (WavePro 7300A, LeCroy, USA) using a high-voltage probe (PPE2 kV, LeCroy, USA). Timebase was set to 20 ns/div and voltage sensitivity to 200 V/div

Electrodes fabrication {#Sec5}
----------------------

The glass substrate (1 × 2 in., 130-μm thickness) was cleaned by acetone, ethanol, and deionized water, followed by piranha etching (a 1:1 mixture of sulphuric acid (H~2~SO~4~) and hydrogen peroxide (H~2~O~2~)). A 50-nm layer of chromium was sputtered on the glass in a DC sputter (Plassys, Marolles-en Hurepoix, France). Subsequently, the gold layer was deposited by alternating 30 s of sputtering with a pause of 30 s. After 20 min of deposition, we obtained a 2.1-μm-thick layer of gold.

A 1.8-μm-thick positive photoresist (Microposit S1818; Rohm and Haas Electronic Materials LLC, Philadelphia, PA, USA) was spin-coated on the substrate at 4000 rpm and soft-baked at 90°C for 2 min on a hotplate. The photoresist was then exposed for 5 s with a power of 20 mW/cm^2^ on a mask aligner using soft contact, developed using Megaposit MF-26A developer (Rohm and Haas Electronic Materials LLC, Philadelphia, PA, USA) for 10 min and rinsed in deionized water during 10 min. The photoresist mask was then hardbaked at 120°C on a hotplate for 10 min.

The gold layer was then etched using Gold etch TFA (Transene, Danvers, MA, USA) for about 10 min. Finally, the thin layer of chromium is etched in "chrome etch 18" (OSC, Bitterfeld, Germany) for 1 min and rinsed in deionized water for 10 min.

Image and statistical analysis {#Sec6}
------------------------------

Fluorescence images were analyzed with open source image processing software ImageJ (NIH, Bethesda, MD, USA; <http://rsbweb.nih.gov/ij/>). In each image, 8--15 cells that contained endocytotic vesicles were analyzed. Each series of experiments were repeated 5 times. Statistical analysis was performed using software Excel (Microsoft Corp.) and Sigmastat (Systat Software Inc.).

For LY, the mean value and the standard deviation of the intensity of pixels were determined in the areas of the image corresponding to the cells, first before pulsing and then 10 min after pulsing. The release of LY from permeabilized endocytotic vesicles into the cytosol caused a more evenly distributed fluorescence throughout the cell, which resulted in a significant decrease of the standard deviation of pixel intensities. A total LY intensity of cells was calculated as mean LY intensity multiplied by a number of pixels, corresponding to cells.

For PI, the mean value of the intensity of pixels was determined in the areas of the image corresponding to the cells, first before pulsing and then 10 min after pulsing. A total PI intensity of cells was calculated as mean PI intensity multiplied by a number of pixels, corresponding to cells.

The images of control cells were taken under the same conditions as pulsed cells, only without pulsing.

Results {#Sec7}
=======

Before pulsing, endocytotic vesicles in B16 F1 mouse melanoma cells loaded with LY were clearly visible in the images as concentrated small areas of high fluorescence ("bright dots") within the cytoplasm, with the cytosol devoid of the dye (Fig. [2](#Fig2){ref-type="fig"}b) \[[@CR3]\]. Most of the cells also excluded PI (Fig. [2](#Fig2){ref-type="fig"}c), reflecting an intact plasma membrane. Control cells (that were not pulsed) retained LY in their vesicles and excluded PI even 10 min after they were put onto the electrodes and settled down (results not shown).Fig. 2LY release and PI uptake after applying nsEP. Phase contrast, LY and PI images of cells before pulsing, and 10 min after applying 5 and 20 pulses (60 ns, 50 kV/cm, and 1 kHz)

When we applied a train of 20 pulses of 60 ns duration, 50 kV/cm, 1-kHz repetition frequency, however, most of the endocytotic vesicles were permeabilized, resulting in LY release from the vesicles into the cytosol. After a duration of 10 min post pulsing, the "bright dots" were not visible anymore, and the cell interior became stained with LY much more uniformly (Fig. [2](#Fig2){ref-type="fig"}h). With a lower number of pulses applied (10 pulses), the leakage of LY from the vesicles was smaller (the "bright dots" faded but stil not as much as in the case of 20 pulses).

When cells were pulsed with 5 such pulses or less, the release of LY from the vesicles was not detected, and "bright dots" were still present 10 min after pulsing (Fig. [2](#Fig2){ref-type="fig"}e).

We performed statistical analysis of LY fluorescence intensity. As we can see in Fig. [3](#Fig3){ref-type="fig"}, only with a train of 10 or 20 pulses, a decrease of SD value of LY reflected the release of LY from the endocytotic vesicles. Compared to the control cells, where the SD value after 10 min was 1.1 ± 0.0 of SD before pulsing, this value decreased significantly to 0.8 ± 0.1 and 0.7 ± 0.2 of SD before pulsing for trains of 10 and 20 pulses, respectively.Fig. 3LY release and PI uptake after applying trains of nsEP with various numbers of pulses. For LY: SD of fluorescence intensities of pixels corresponding to cells 10 min after pulsing divided by SD of fluorescence intensities of pixels corresponding to cells before pulsing. For PI: total PI intensity of cells 10 min after pulsing, divided by total PI intensity before pulsing. SD of LY decreases significantly after applying 10 and 20 pulses, implying that LY is released from endocytotic vesicles. PI enters the cells already after the application of 5 pulses, implying that the plasma membrane is permeabilized. The pulses: 60 ns, 50 kV/cm, 1 kHz repetition frequency. Each value represent mean of 5 independent experiments ± SD. \* Indicate significant differences from control---zero pulses (*P* \< 0.05)

The cells also shrunk (12.3 ± 2.7% reduction in cell diameter after applying 20 pulses). Because the cells shrunk, we calculated also total LY intensity (mean LY intensity multiplied by the number of pixels corresponding to cells). Total LY intensity in cells decreased significantly 10 min after pulsing (with 20 pulses, total LY intensity in cells decreased for 19.6% of total LY intensity before pulsing).

However, when the PI uptake was monitored simultaneously in cells loaded with LY, we observed that 10 min after pulsing, PI entered the cells even at shorter pulse trains (Fig. [2](#Fig2){ref-type="fig"}f): some PI have already entered through the plasma membrane after applying 5 pulses (60 ns, 50 kV/cm, 1 kHz) (Fig. [3](#Fig3){ref-type="fig"}). After 10 and 20 pulses (same pulse parameter values), the total PI intensity in cells was 2.5 ± 0.8 and 3.8 ± 0.6 times greater than before pulsing, respectively.

Time-scale analysis of LY release and PI uptake showed that both processes took place mainly during the first few minutes after pulsing (Fig. [4](#Fig4){ref-type="fig"}a and b).Fig. 4Time-scale of a release of LY from endocytotic vesicles and of PI uptake after applying 20 pulses, 60 ns, 50 kV/cm, and 1 kHz repetition rate. Cells were pulsed immediately after images of unpulsed cells (at time zero) were taken. **a** Time-scale of a release of LY from endocytotic vesicles. **b** Time-scale of PI uptake. Each value represent mean of 5 independent experiments

Discussion {#Sec8}
==========

In this present study, we confirm that with the use of nsEP of the following parameters, namely, 10 or 20 pulses of 50 kV/cm field strength, 60 ns duration, and 1 kHz pulse repetition rate, endocytotic vesicles are permeabilized. Moreover, with simultaneous use of lucifer yellow (LY) and propidium iodide (PI), we were able to observe permeabilization of both endocytotic vesicle membranes and of plasma membrane in cells simultaneously.

The nsEP have a strong effect on cell interior. In this study, the vesicles released LY into the cytoplasm, and the cells became more evenly stained. With lower number of pulses, less LY is released from vesicles. When five or fewer pulses with the same parameters were applied, we did not observe any LY release from the vesicles (except of the vesicles in cells that were in direct contact with the electrodes). In previous reports, the organelles, such as granules in human eosinophils \[[@CR47]\] and large endocytotic vesicles \[[@CR52]\], were permeabilized without detectable plasma membrane damage (using calcein and ethidium homodimer for detecting plasma membrane permeabilization, respectively). In our study, with the specific nsEP parameters given above, we achieved the permeabilization of the plasma membrane simultaneously with the permeabilization of endocytotic vesicles, and PI always entered the cells in which LY was released from the endocytotic vesicles.

It has been suggested that when the pulses are shorter than the charging time of the plasma membrane, the effects of pulses on the plasma membrane are negligible and only internal membranes are affected \[[@CR48]\]. In our earlier theoretical study \[[@CR32]\], we have shown that sufficiently short (at most hundreds of ns) and strong (at least MV/m) electric pulses could cause selective poration of organelle membranes, with the plasma membrane remaining intact. However, this would only be possible under very specific conditions (the organelle membranes with a considerably lower dielectric permittivity than the plasma membrane, and/or the cytosol with a much lower electric conductivity than the organelle interior). As it is highly questionable whether such conditions are physiologically realistic for any type of organelle, this suggests that permeabilization of organelles is typically, and perhaps even in all cases, accompanied by a certain extent of plasma membrane permeabilization.

The results of this experimental study show that endocytotic vesicles can be permeabilized, but suggest that their permeabilization is not selective, i.e., it is always accompanied by permeabilization of the plasma membrane. The permeabilization of both endocytotic vesicles and plasma membrane was also expected according to the theoretical predictions outlined in our previous theoretical study \[[@CR32]\] and summarized briefly in the preceding paragraph.

LY is a classical marker of a fluid-phase endocytosis \[[@CR28], [@CR45]\] which consists of clathrin-dependent and clathrin-independent pathways, such as macropinosomes \[[@CR16], [@CR27]\]. The clathrin coat is a mesh-like scaffolding, and not a continuous closed surface covering the membrane; furthermore this coat disassembles rather rapidly after the vesicle formation \[[@CR17], [@CR24]\]. Since endocytotic vesicles are formed as invaginations of specific parts of plasma membrane (rafts), their membranes might have specific composition differing from the rest of the plasma membranes \[[@CR23], [@CR30]\]. The ionic compositions of the vesicle interior and the cytosol do differ to an extent, and the ongoing chemical processes in the vesicles could also contribute to a difference in electric conductivities. However, it is highly unlikely that these differences in cell/vesicle membranes and interiors could be sufficiently large (10 times or more) to allow selective poration of the endocytotic vesicles.

An additional theoretical argument in favor of the finding that vesicle membrane permeabilization only occurs with (or after) the plasma membrane permeabilization is the fact that, generally, the internal vesicles are electrically shielded from the external electric field by the plasma membrane. During the first few nanoseconds after the onset of the external field, this field penetrates the entire cell, but subsequently the polarization of the plasma membrane starts neutralizing this transient effect, with the plasma membrane becoming increasingly more polarized than the membranes of internal organelles and vesicles. Therefore, as long as all the membranes are intact, the plasma membrane is more likely to become permeabilized than the internal organelles and vesicles. However, once the plasma membrane is permeabilized, this partly inhibits the shielding process (both during the ongoing pulse and during subsequent pulses that may follow). As a result, the peak voltage induced by the external field on the vesicle membranes is somewhat higher than without permeabilization of the plasma membrane, and the permeabilization of these membranes becomes more likely, particularly when further pulses are applied after the plasma membrane is already permeabilized. We need to stress, however, that the peak voltage induced in the cytoplasm when the plasma membrane is intact is strongly dependent on the rise time of the external pulse. Furthermore, the voltage when the plasma membrane is "porated" depends on the resulting conductance of the membrane during the pulse. Exact dynamics and the extent of these effects, however, are still not fully known and deserve more investigations.

The analyses of changes in total fluorescence of LY and PI in cells reveal that after applying 20 pulses, total fluorescence of LY is decreased to 19.6%, whereas total PI fluorescence is increased for 285% of values before pulsing. When PI binds to nucleic acids, its fluorescence is enhanced by approximately 20--30 fold \[[@CR2]\], and so the amount of PI in the cell is approximately 9.5--14.3% higher than before pulsing. Therefore, we conclude that the two molecules of comparable sizes cross the compromized plasma membrane in similar amounts.

A majority of PI enter the cells shortly after the electroporation. On the other hand, LY is also released from the vesicles mainly during the first few minutes after pulsing. For PI, the slower rise of PI fluorescence may be caused by a resealing of the membrane \[[@CR29]\], a drop of a concentration gradient, or the saturation of binding sites \[[@CR9], [@CR36]\]. In the case of LY, however, only the first two effects may play a role in slowing down a release of LY from endocytotic vesicles as LY remains unbound.

Conclusions {#Sec9}
===========

In this study, we experimentally confirmed that with the use of our nsEP (20 pulses of 50 kV/cm field strength, 60 ns duration, and 1 kHz pulse repetition rate) endocytotic vesicles can be permeabilized. We also observed that the plasma membrane permeabilization occurred simultaneously with the permeabilization of internal membranes. With the application of five pulses or less, we were able to achieve the permeabilization of plasma membrane with no detectable release of LY from endocytotic vesicles. Although the nsEP may cause more profound effects on internal membranes of the cell, we must be aware that the pulses of such parameters do not leave the plasma membrane intact.
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